W
arm ocean temperatures can cause coral bleaching, the loss of color from reef-building corals because of a breakdown of the symbiosis with the dinoflagellate Symbiodinium (1) . In late 2005, the anomalously warm sea surface temperatures (SST) in the Eastern Caribbean and tropical Atlantic caused mass coral bleaching across the region. Satellite observations noted levels of thermal stress far in excess of the standard bleaching thresholds, the highest in the 21-year satellite record ( Fig. 1 a and b) . Coral cover surveys detected bleaching of 90% of coral cover in the British Virgin Islands, 80% in the U.S. Virgin Islands, 66% in Trinidad and Tobago, 52% in the French West Indies, and 85% in the Netherlands Antilles (data available at http://coralreefwatch.noaa.gov/caribbean2005).
Occurrences of mass coral bleaching, like the 2005 Caribbean event, over the past 25 years have been attributed to rising ocean temperatures (2) (3) (4) . Anthropogenic climate change is expected to increase the frequency and severity of coral bleaching events and threaten the health of coral reef ecosystems worldwide (3, 5, 6) . Recent research on tropical Atlantic SSTs has suggested that anthropogenic forcing likely played a discernible role in the observed pronounced warming of the tropical North Atlantic since the 1970s (7) (8) (9) (10) .
In this study, we used the Geophysical Fluid Dynamics Laboratory (GFDL) climate models CM2.0 and CM2.1 to evaluate the role of anthropogenic climate forcing in the 2005 Caribbean bleaching event and the probability of events like 2005 occurring in the future. Although no individual event can be deterministically attributed to human-induced climate warming, the climate model simulations enabled us to investigate the probability of an event occurring under different scenarios. First, we examined whether anthropogenic forcing played a role in ocean warming over the past 130 years in the region of the 2005 bleaching event, using replicate historical model runs and historical observations. Second, we used model simulations of background or internal climate variability to examine the probability of the 2005 thermal stress event occurring with and without past changes in radiative forcing (natural or anthropogenic). Finally, we evaluated the likelihood of similar events occurring under future climate scenarios, with or without thermal adaptation by corals and their symbionts.
Results
We focused on the region from 75°W to 45°W, 20°N to 10°N where the maximum thermal stress was observed (via satellite) in 2005. This region encompasses corals reefs throughout the Eastern Caribbean and Lesser Antilles and also a large expanse of Atlantic Ocean with no islands; including only the western area where coral bleaching was observed in 2005 would eliminate the larger structure of the thermal anomaly. The bleaching region overlaps the ''Main Development Region'' for tropical Atlantic cyclones that has been the focus of recent climate studies. Main development region definitions vary slightly among existing studies (7, 8, 11) .
Predicting Coral Bleaching from SSTs. Coral bleaching is commonly observed when the SSTs exceed the maximum monthly mean (the climatological mean temperature during the warmest month of the year) by 1°C or more for 1 month or more. The National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch program uses satellite-derived SSTs, from the Advanced Very High Resolution Radiometer (AVHRR) Pathfinder, to predict coral bleaching in real-time (12, 13) . The accumulation of ''degree heating weeks'' (DHW) (1 week of SSTs greater than the maximum in the monthly climatology) over a rolling 12-week period serves as an effective indicator of the likelihood of bleaching (12, 13) . Independent coral bleaching reports have consistently indicated that coral bleaching may begin to occur when the DHW is Ͼ4, and severe bleaching with some coral mortality may begin to occur when the DHW is Ͼ8 (13) . Although UV penetration is also critical to the occurrence of bleaching, the temperature-based prediction index is ideal for application to climate model studies (3, 5, 6) .
We used the 1985-2005 AVHRR SST and DHW data (henceforth referred to as the ''satellite'' data) to develop a monthly bleaching prediction index more compatible with the monthlyaveraged Global Climate Models (GCM) output [see Donner et al. (6) ]. Similar to a DHW, a degree heating month (DHM; expressed as°C⅐month) is equal to 1 month of SST that is 1°C greater than the maximum in the monthly climatology for that grid cell (e.g., the warmest month of the year, September or October for most grid cells in the Eastern Caribbean). Here, the DHM value was calculated over a rolling 4-month window by using the 1985-2000 period as the climatology for calculating the maximum monthly mean. There was a highly significant relationship (r ϭ 0.96, P Ͻ 0.01) between the annual maximum DHM and annual maximum DHW for the study region over the 21-year record. In 2005, the maximum DHM averaged over the study region was 3.12°C⅐month, roughly double the 1998 value, the previous high in the satellite record (Fig. 1b) . A DHM value of 2°C⅐month is roughly equivalent to the upper bleaching threshold used by the Coral Reef Watch Program (6).
Model Simulations. Simulated SSTs from 1870-2100 were obtained from simulations of the two new Geophysical Fluid Dynamics Laboratory global climate models: CM2.0 and CM2.1 (14) . The models and forcings are described briefly in Materials and Methods. Model results were taken from the available ''all-forcing'' runs (CM2.0: n ϭ 3; CM2.1: n ϭ 5) and ''naturalonly'' runs (CM2.0: n ϭ 1; CM2.1: n ϭ 3), where n is the number of replicate model runs conducted with different initial conditions. We averaged simulated SSTs from the individual all- HadISST data set is a blend of observed SST and reconstructed SST values where observations are missing (15) . It has been found to resemble other temperature reconstructions in the Caribbean region (16) .
Two additional sets of model runs were used to examine background climate variability and future climate scenarios. First, the results of preindustrial ''control'' simulations, in which a model is run for several centuries with no changes in external forcings [CM2.0, t ϭ 500 years; CM2.1, t ϭ 2,000 years; see Delworth et al. (14) ], were used to represent the internal climate variability in the models. Internal model drift, as measured by these control runs, is minor (Ͻ0.1°C per century) in the subregion considered in this study. Second, two different emissions scenarios were used to contrast possible futures. The Special Report on Emissions Scenarios (SRES) A1b scenario from 2001-2100 is a representation of business-as-usual greenhouse gas emissions over this century. A second scenario from 2001-2200, based on the SRES B1 emissions path, is a representation of the effect of stabilizing atmospheric CO 2 concentration at 550 ppm in the year 2100.
Historical Trend in SSTs and DHMs. In a previous analysis, the observed warming of the 20th century, globally and in many regions of the world, was found to be simulated more realistically in the all-forcing runs than the natural-only runs of both CM2.0 and CM2.1 (9) . In the region of the 2005 hot spot, the all-forcing runs also generally represent the HadISST trend in annual average and August-September-October (ASO) SSTs since 1870 more realistically than the natural-only runs ( Fig. 2 a and b) . In CM2.0 and CM2.1, the all-forcing and natural-only SSTs both closely follow the trend in the HadISST data until the 1950s. The natural-only SSTs then diverge after the 1950s and do not represent the warming in the HadISST data since the 1970s. The anthropogenic warming signal in the models appears strong after the 1970s and is in fairly good agreement with the observed late 20th century warming, as noted in other studies (9) .
The agreement between the all-forcing runs and the observations is apparent in contrasting the trends from 1870-2000 in the HadISST time series with the all-forcing ensembles, the natural-only ensembles, and the model control runs (with no forcing changes). It is important to evaluate whether the models are realistically simulating the internal variability in the climate system, to test whether the observed trend could be a result of unforced climate variability. The effect of the Atlantic Multidecadal Oscillation (AMO), a 60-to 80-year oscillation in North Atlantic SSTs (17, 18), on the observed SST trends, SST variability in the tropical Atlantic, and hurricane development has been a matter of debate (7, 10, 11) . Our study region partially overlaps the main development regions for tropical cyclones cited in previous studies and may share some variability aspects with the AMO (18) .
Adopting a technique similar to ref. 19 , we estimated the magnitude of unforced climate variability by computing the power spectrum of the HadISST ''unforced'' time series. This is the HadISST time series with the variations due to changes in radiative forcing over time removed, represented here by subtracting the all-forcing multimodel ensemble SST from the original HadISST time series. We contrasted the variance spectra of the unforced HadISST time series with 5th to 95th percentile range of power spectra from 130-year blocks of the model control runs. The ''unforced'' HadISST spectrum falls within the 5th to 95th percentile range for the control run spectra at all frequencies (Fig. 4) . This spectral analysis suggests that there is no statistically significant difference between the lowfrequency internal variability in the models' climate and the actual climate.
The observed low-frequency variability (centered at the 65-year period) in the spectra is at the high end of the 5th to 95th percentile range from the model control runs (Fig. 4) . The magnitude of the observed variability at that frequency, expressed as the root of the variance from the spectral analysis, is 29% greater than the mean from the control run spectra. If the magnitude of the variability in the control run time series is artificially increased by 29%, the 130-year linear trends in the control runs (Fig. 3) are only marginally affected. The 95th percentile trend in the control runs increases to 0.18°C per century, roughly half the observed trend. Through a sensitivity test in which we multiplied the anomaly time series from the control runs by a series of factors, we found that the magnitude of the model's variability, including the low-frequency variability, would have to be increased by at least 140% for the observed trend to fall within the 5th to 95th percentile range of the control runs trends. Therefore, any underrepresentation of AMOrelated or other low-frequency internal variability in this region in the models would have to be dramatic to affect our conclusion that the observed warming trend is unlikely to be a manifestation of unforced climate variability alone. From these analyses, we can conclude that an anthropogenically forced warming signal is likely to be emerging from the background of natural variability in this region.
The simulations also provide insight into the historical variability in thermal stress on Eastern Caribbean reefs (Fig. 5) . A previous analysis of the HadISST data and other historical SST reconstructions concluded that thermal stress may have exceeded coral bleaching thresholds (e.g., DHM Ͼ1) in parts of the Caribbean during the 1950s and 1960s, although no observational evidence exists to confirm whether any coral bleaching occurred (16) . In the HadISST data, the decadal mean DHM value averaged over the entire region of the 2005 hot spot does peak in the 1950s and 1960s, and again in the 1990s and the current decade. The DHM values for the first half of the current decade have been so high (2000-2005 mean of 0.79°C⅐month) that even if there is no accumulation of thermal stress for the remainder of this decade the decadal mean DHM will still be the highest in the observed record. To test for differences between the decadal mean DHM in the model simulations runs and the HadISST data, we performed modified two-sample t tests in which the HadISST data (n1 ϭ 1) is assumed to have the same variance as the multi-model ensemble (n2 ϭ 8 for the all-forcing runs; n2 ϭ 4 for the natural-only runs). The tests found that the HadISST decadal mean DHM was significantly different from the all-forcing results only for the 1930s but was significantly different from the natural-only results for the 1930s, 1950s, 1960s, and 1990s ( We further investigated the probability of the 2005 hot spot occurring with and without anthropogenic forcing by analyzing output from control runs of the models. The preindustrial control runs of CM2.0 (n ϭ 500 years) and CM2.1 (n ϭ 2,000 years) represent the internal variability in the model's climate. We combined the variability in preindustrial control runs with the 1991-2000 monthly mean SSTs from the natural-only runs and again with 1991-2000 monthly mean SSTs from the allforcing runs to generate two long-time series for analysis. Monthly anomalies in the control runs (e.g., the difference between monthly SST in January and the control run climatology for January) were estimated in 100-year intervals, to eliminate the small model drift and allow for subsampling of results. The resulting time series were used to determine probability distributions of maximum annual DHM for the study region in the present climate with and without anthropogenic forcing, similar to Stott et al. (19) . The sampling uncertainty is estimated from the standard deviation of probabilities of the 100-year segments.
The results indicate that the thermal stress reaching the 2005 level, or a fraction of that level, would be an extremely rare occurrence without any anthropogenic forcing (Fig. 6 ). There is only one occurrence (P ϭ 0.05%) of DHM exceeding 1.71°C⅐month, the level for 2005 in the HadISST data, in the 2500-year natural-only analysis (Table 1) . With anthropogenic forcing, the DHM exceeds the HadISST 2005 level in only 2.2 Ϯ 1.3% of the years and the satellite 2005 level in only 0.2% of the years. This result suggests that, even with the anthropogenic warming, the 2005 thermal stress is approximately a 50-year event using the HadISST data and a 500-year event using the AVHRR satellite data.
Applying the variability from the preindustrial control runs of the models implicitly assumes that there is no change in the magnitude of interannual variability in SSTs between the preindustrial and modern climate and that the model adequately simulates internal climate variability. The effect of either an underrepresentation of low-frequency variability by the models or an increase in interannual climate variability since preindustrial times was tested with a series of experiments assuming relative 1-50% increases in the interannual SST anomalies. These tests showed that, if the magnitude of the interannual SST variability is increased by 50%, the 2005 thermal stress would be a 10-year (HadISST) to 70-year (satellite) event using the all-forcing scenarios (Fig. 6 ). . Annual probability of DHM exceeding a threshold for the 1990s climate. As described in Results, a 2,500-year sample of DHMs was determined by imposing the SST anomalies from the control runs on the 1990s mean for the natural-only (NAT, in black) and all-forcing (ALL, in gray) simulations (n ϭ 2,500 years). A third simulation is shown in which the magnitude of variability in the control runs was increased by 50%. Because the 2005 event is unprecedented in the historical data and the natural-only control simulations, a direct comparison of recurrence intervals with and without anthropogenic forcing is not possible. Examination of lower thresholds illustrates the difference in the DHM probability distributions with and without anthropogenic forcing. For example, the chance of DHM Ͼ0.5°C⅐month occurring in a given year is Ͻ2% without anthropogenic forcing but 28% with anthropogenic forcing (Table 1) . This difference between the probability distributions suggests that the anthropogenic forcing over the 20th century has increased the likelihood of warm events like 2005 by an order of magnitude.
Future Scenarios. The projected occurrence of thermal stress for the 21st century for the 2005 bleaching region under ''businessas-usual'' conditions was obtained from simulations using SRES A1b (Fig. 7) . Under this scenario, the mean annual SST is projected to increase by 2.2°C (CM2.0) and 2.3°C (CM2.1) from the 1990s to the 2090s. The projected increase in SSTs causes a sharp increase in the frequency of occurrences of severe thermal stress like 2005. Although the length of time required for a coral reef to recover from a mass coral bleaching event is highly variable, studies often assume that a recurrence interval of at least 5 years is required to ensure long-term maintenance of coral cover (5, 6) . The models project that mean DHM would exceed 2°C⅐month at least biannually to annually (P ϭ 60-80%) by the 2020s or 2030s (Fig. 7) and exceed the 2005 level in the HadISST data almost biannually by the 2030s (P ϭ 40%).
In SRES B1, a lower emissions path over the century causes atmospheric CO 2 concentrations to stabilize at 550 ppm in the year 2100. The mean annual SST is projected to increase by 1.4°C (CM2.0) and 1.7°C (CM2.1) from the 1990s to the 2090s. Despite the lower increase in SSTs in this scenario, the projected increase in the occurrence of thermal stress is similar to that of the business-as-usual scenario (Fig. 7) . The projected thermal stress on corals is similar in different future scenarios because of committed warming from past greenhouse gas emissions (6) . By the time the climates in the two scenarios diverge in the middle of the century, the DHM Ͼ2°C⅐month threshold is being surpassed on a biannual basis. Under either scenario, the models project that thermal stress will exceed the 2005 level on an annual basis at the end of the century.
Recent evidence for flexibility in the coral-algal symbiosis and in the level of heterotrophic feeding by corals suggests the potential for coral reefs to adapt or acclimate to climate change (20) (21) (22) (23) . Some coral species have been observed to switch or shuffle symbionts in their tissues to more temperature-tolerant Symbiodinium after bleaching events (20) (21) (22) . For example, Berkelmans and Van Oppen (22) found that the common Indo-Pacific species Acropora millepora can increase its thermal tolerance level by 1-1.5°C by altering the dominant symbiont in its tissue from Symbiodinium clade C to the more temperaturetolerant clade D. Acquiring more temperature tolerant Symbionidium may come at a physiological cost and may not be possible for many corals (3, 22) . Alternatively, a recent study suggests that some coral species could adapt after loss of symbionts, due to bleaching, by increasing their rate of heterotrophic feeding (23) .
The theoretical impact of thermal acclimation or adaptation by Caribbean corals on the frequency of bleaching events was estimated by increasing the temperature at which thermal stress accumulates by 1°C and 1.5°C in the two scenarios (Fig. 7) . In SRES A1b, adaptation of 1°C would delay the case of DHM Ͼ2°C⅐month occurring once every 5 years until the 2040s or 2050s, and the case of DHM Ͼ the 2005 level occurring once every 5 years until the 2050s or 2060s. Adaptation of 1.5°C would further delay the 5-year recurrence of severe bleaching until 2070s to the 2090s. This analysis suggests that, under businessas-usual conditions, overall thermal adaptation of 1-1.5°C could postpone (by Ϸ30-50 years or perhaps longer) mass coral bleaching from occurring at such a frequent interval that the corals are unlikely to recover. Such adaptation would, however, have implications for coral community structure, because the potential for increased thermal tolerance varies widely among coral species and growth forms (24, 25) .
In SRES B1, adaptation of 1.5°C would prevent the harmfully frequent mass coral bleaching events from occurring this century. The annual DHM would not exceed 2°C⅐month more than once a decade at any point in the 21st century in the stabilization scenario (Fig. 7) . However, climate models project long-term ''committed warming'' to occur after the stabilization of atmospheric CO 2 concentrations [e.g., figures 9.1 and 9.19 in Cubasch et al. (26) ]. In the SRES B1 scenario, both CM2.0 and CM2.1 project a further 0.35°C in SSTs over the 22nd century, despite the stabilization of atmospheric CO 2 concentrations at 550 ppm in the year 2100. The models project that, with 1.5°C adaptation, mass coral bleaching may occur more than once every 5 years near the end of the 22nd century.
Conclusions
This model-based assessment concludes that the observed warming trend in the region of the 2005 bleaching event is unlikely to be due to natural climate variability alone. Thermal stress of the level observed during the 2005 coral bleaching event is an exceedingly rare occurrence (Ͼ1,000-year event) absent the long-term warming trend. Under a business-as-usual scenario of future emissions, climate warming over the next 20-30 years could make thermal stress events like 2005 occur biannually. An increase in the magnitude, as well as the frequency, of thermal stress events could cause further coral mortality (27) and accelerate the reported decline of Caribbean coral reefs (28) . A concurrent increase in Atlantic hurricane activity or intensity in the future, as suggested by several recent studies [refs. 7, 29 , and 30; but see Landsea (31) for an alternative view], could potentially further damage coral reefs degraded by more frequent bleaching events.
Thermal adaptation by corals and their symbionts of 1.5°C could postpone the occurrence of frequent bleaching events that would threaten long-term coral cover in the Caribbean until the latter half of the century. Adaptation or acclimation to warmer temperatures might have some consequences for coral productivity and community structure (21, 24). The SRES B1 scenario, in which the atmospheric CO 2 concentrations are stabilized at twice the preindustrial level by the end of this century, suggests that thermal adaptation by corals may permit time to alter the path of future greenhouse gas emissions and possibly prevent frequent and severe bleaching from becoming a regular occurrence in the latter half of the century. However, long-term committed warming projected after the stabilization of atmospheric greenhouse gas concentrations may represent a serious further threat to corals.
Materials and Methods
The coupled models CM2.0 and CM2. The climate forcings used with these models to simulate past climate variations included well mixed greenhouse gases, ozone, anthropogenic tropospheric sulfates, black and organic carbon, volcanic aerosols, solar irradiance, and distribution of land cover types. Future projections used these same forcings, with the exception of no further volcanic emissions and no future changes in solar forcing or land cover. In using the model for assessment of historical climate variations and future projections, we assumed that the past and future forcings used are realistic, and that the models realistically represent the internal variability of the climate system and the response of the climate to the external forcings. We also assumed that the observed SST data sets accurately reflect true climate variations over the historical record. These two models are described in detail in Delworth et al. (14) , Knutson et al. (9) , and references therein. Further information is available online at http://nomads.gfdl.noaa.gov/ CM2.X/references/, and much of the model output data are freely available at http://nomads.gfdl.noaa.gov/.
The ocean component of CM2.0 and CM2.1 operates on a grid with longitudinal resolution of 1°and latitudinal resolution varying from 1°in the mid-latitudes to 1/3°at the equator. The latitudinal resolution becomes progressively fine from 30°(north and south) toward the equator; it varies from 0.67°to 0.88°in the study region. The satellite SST data set and HadISST data set were interpolated to this spatial grid to match the modeled SST output.
Throughout the study, we present the combination of model anomalies and observed climatology rather than direct model output, as is common in climate model studies. For example, the SST for January 1998 for a given simulation is estimated as the sum of the January SST in the observed climatology and the difference between the model value for January 1998 and the model climatology for January. We used the 1985-2000 satellite SST data as the observed climatology, to be consistent with the method of bleaching prediction. The model climatology for the 1985-2000 period was determined from the model ensemble results from the all-forcing simulations. Therefore, the annual simulated DHM for the year in any given simulation is the maximum accumulation of simulated SSTs (model anomaly plus satellite SST) in excess of the maximum monthly SST in the satellite climatology over a rolling 4-month period.
